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ABSTRACT 
The regulation of the synthesis of one of the major polypeptides of chloroplast membranes 
in Chlamydomonas reinhard~ y-1 has been studied in order to determine what factors are in- 
volved in the  control mechanism. The polypeptide is synthesized in the cytoplasm and 
previously was  designated as c (j.  K  Hoober.  1972. ,7.  Cell Biol.  52:84).  Under normal 
conditions the synthesis of polypeptide c appears to be coupled to the synthesis of chlorophyll. 
When greening cells are illuminated through a light filter opaque below 675 m/~, the con- 
version of protochlorophyllide to chlorophyllide is blocked. Although this elimination of 
light below 675 m~ does not affect,  in the main, protein synthesis in the chloroplast and 
cytoplasm,  synthesis of polypeptide c is  inhibited. Also,  control cells  synthesize neither 
chlorophyll nor polypeptide c in the dark. However, when cells are treated with chloram- 
phenicol, an inhibitor of chloroplast protein synthesis, the synthesis of polypeptide c occurs 
in the absence of light required for chlorophyll synthesis.  Chlorophyll per se does not appear 
to be required for synthesis of polypeptide c,  since treating cells with heroin, maleate, or 
malonate causes  an inhibition of the synthesis of chlorophyll but not of polypeptide c. The 
results of these  experiments are  discussed in terms  of a  proposed  mechanism by which 
synthesis of poIypeptlde c is regulated at the transcriptional level by a precursor of chloro- 
phyll,  and this  regulation is  mediated  by a  protein or  proteins synthesized within  the 
chloroplast. 
INTRODUCTION 
Thylakoid membranes of CMamydomonas ~einhardi 
are  assembled from lipids apparently synthesized 
within the chloroplast (1, 2) and from polypeptides 
synthesized both inside and outside the organdie 
(3-5)  The two major polypeptides of these  mem- 
branes, as revealed by gel electrophoresis (3),  are 
among those synthesized on cytoplasmic ribosomes. 
For convenience of reference, these polypeptides, 
having molecular weights  of  about  24,000  and 
21,000,  were  previously designated b  and c,  re- 
spectively (5).  Polypeptlde c accumulates in the 
soluble fraction of the cell when chlorophyll and 
membrane formation are inhibited in the presence 
of chloramphenicol, an  inhibitor of protein syn- 
thesis  on chloroplast ribosomes (6-8), and it was 
suggested that this polypeptide is synthesized in the 
cytoplasm as a soluble component (5). 
Several observations indicated that synthesis of 
polypeptide c,  and perhaps other thylakoid mem- 
brane polypeptides, is under specific control. Poly- 
peptide c cannot be detected  in dark-grown eti- 
olated cells  of C.  remhardi y-1  (5).  Also,  a  sharp 
reduction in the rate of synthesis of this polypeptide 
occurs after cells  are transferred to the dark  (5). 
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thesize at least a small amount of protochlorophyl- 
lide but  cannot  convert this porphyrin  to chloro- 
phyll (9,  I0). Eytan and Ohad  (11) suggested that 
conversion  of protochlorophyllide  to  chlorophyll, 
which  apparently  occurs  in  the  chloroplast  (12- 
14),  affects synthesis  of the major polypeptides  of 
thylakoid membranes  at the transcriptional  level. 
However,  the  data  available  have not permitted 
an elucidation of the mechanism of this control. 
Among the possible mechanisms of control of the 
synthesis of membrane polypeptides, three seemed 
particularly  open  to  investigation  with  the  tech- 
niques available. First, it is possible that a  general 
synthetic  or metabolic event in the  chloroplast  is 
required for continued synthesis of polypeptide c in 
the  cytoplasm  and  that,  in  the  dark,  insufficient 
products of photosynthesis are available to support 
this synthesis.  Second, it is possible that translation 
of the mRNA  for polypeptide  c  is under  specific 
control.  Or third,  as  Eytan  and  Ohad  suggested 
(I 1),  control is possibly exerted at the level of the 
synthesis  of the  mRNA  for  this  polypeptide.  In 
support of the first possibility, the rate of synthesis 
of ribulose-1,5-diphosphate  carboxylase, the main 
product  of chloroplast  protein  synthesis  (5),  fails 
to  a  low  level immediately  after  cells  are  trans- 
ferred  to  the  dark  (5,  15).  However,  cells  seem 
capable of adapting to the dark, since in prolonged 
darkness  synthesis  of  the  carboxylase  (10)  and 
ribosomes  (6)  occurs  in  the  chloroplast.  Yet  the 
major  polypeptides  of thylakoid  membranes  ap- 
parently  are  not  synthesized  even  in  prolonged 
darkness (5). Thus, some type of specific regulatory 
mechanism must operate to inhibit the synthesis of 
these polypeptides when chlorophyll and thylakoid 
membranes  are not made.  Resumption  of chloro- 
phyll  synthesis  when  cells  are  exposed  to  light 
releases this inhibition,  allowing synthesis  of these 
polypeptides  and  assembly  of  thylakoid  mem- 
branes.  The data  in this paper  support  the possi- 
bility  that  a  precursor  of  chlorophyll  regulates 
transcription  of the mRNA for polypeptide c, and 
that  this  regulation  is  mediated  by  a  protein  or 
proteins synthesized within the chloroplast. 
METHODS 
Greening Experiments 
CELLS:  Cells of Chlamydomonas reinhardi y-1 were 
grown in the dark for 3-4 days as described previously 
(10,  16).  Etiolatcd ceils were suspended at a  density 
of 4  X  106  cells/ml in fresh medium supplemented 
with KH2PO4  (16). 
LrOnT  F~LTERS:  In experiments in which filters 
were used,  the cell suspensions  in  Erlenmeyer flasks 
were placed within a box divided into two compart- 
ments by a center partition.  A 6-inch square window 
was cut on each end of the box.  Air was circulated 
through the box by directing air from a fan through 
baffles to dissipate heat produced by the lamps.  The 
temperature  of the  cultures  was  maintained  during 
the experiments at 26-28°C  The cells were agitated 
by  magnetic  stirring  bars  and  were  illuminated 
through  the  windows  of  the  box  by  light  from 
100-watt  incandescent  lamps.  The  intensity  of the 
light in  the  absence  of light filters was  adjusted  to 
approximately 4000 lux at the position  of the cells. 
The  filters,  6  mm  thick,  were  positioned  over  the 
windows.  Three types of sharp-cut  light filters were 
used,  which  transmitted  light above wavelengths of 
590, 610, and 675 m/.t (Corning glass numbers 2434, 
2418,  and  2030,  respectively,  from  Coming  Glass 
Works,  Corning, N. Y.). 
Since light of 640-650 m# is required for conversion 
of protochlorophyllide  to  chlorophyll  (17,  18),  the 
effects of the light filters on chlorophyll synthesis were 
tested.  Fig.  1 shows the results  of an  experiment in 
which filters were positioned over the windows of the 
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l~ovm~  1  Effects  of light filters  on  the  increase  of 
chlorophyll during  greening of etiolated  C. reinhard,. 
Cells grown for 4  days in the dark were suspended in 
fi'esh medium to 4  X  106 cells/ml and exposed to 4000 
lux from incandescent lamps as described in Methods. 
At 5 hr,  light filters were inserted  (~)  into  the  light 
beams to provide light above 675 In# to one culture and 
above 590  mp to  the  control culture.  £  hr later,  the 
filters were removed (T). Chlorophyll in portions of the 
cultures was measured speetrophotometrically  (~1). 
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removed 2 hr later. Synthesis of chlorophyll continued 
at an unimpaired rate in cells illuminated with hght 
above 590 mN (dashed curve). However, the amount 
of chlorophyll did not increase in  cells illuminated 
through the filter which transmitted light above 675 
m]z (solid curve). When this filter was removed, syn- 
thesis of chlorophyll resumed. Therefore, by filtering 
out light below 675 m/z, a situation was estabhshed in 
which  synthesis  of chlorophyll was  prevented,  but 
sufficient red light (above 675  m/~) was still provided 
to allow cells  to perform photosynthesis (19,  20).  In 
another  experiment,  the  effect of the  filter  which 
transmitted light above 610 mlz was the same as that 
which transmitted light above 590 m]~. In greening 
expemments not involving light filters, the cells were 
exposed  to  light  from  white  fluorescent  lamps  as 
described previously (16). 
Assay for Chlorophyll 
Chlorophyll was measured spectrophotometrically 
in 80%  acetone extracts of the cells (21).  In experi- 
ments  in  which  heroin was  added  to  the  cultures, 
hemin taken up by the ceils interfered shghtly with 
the determination of chlorophyll. To correct for this 
interference, the absorbance of the acetone extracts 
at  700  m]~  was  measured,  and  the  absorbance  of 
hemin at 652 m~ was estimated from the shape of the 
spectrum of hemin alone in 80% acetone. The actual 
correction was 5-10% of the uncorrected absorbance 
of the acetone extracts of the ceils  The validity of 
this  correction was  checked by  measuring  the  ab- 
sorbance of the acetone extract of the cells at 665 m]~, 
where the absorbance of chlorophyll a  is at a  maxi- 
mum  (22)  and  the interference by  heroin was  less 
than 4%. 
Preparation of Samples  for Eleetrophoresis 
At the end of the experiments, ceils were collected 
by centrifugauon at 1000g for 3 min. The cells were 
washed twice with 20 ram Tris-HC1, pH 7.6,  at 2°C, 
suspended in  the  Tris-HCl  buffer  to  a  density  of 
3-4  X  107 cells/ml, and broken by sonication for 20 
see at a  power output of 40-45 watts from a  Model 
W185  Sonifier Cell Disrupter  (Heat Systems-Ultra- 
sonics, Inc., Plainview, N.  Y.).  Trlchloroacetic acid 
was added to portions of the broken-cell preparations 
to a  final concentration of 10%  (w/v). The ensuing 
precipitates provided samples of total cellular protein. 
In  some  experiments,  portions  of  the  broken-cell 
preparations were centrifuged in  an  SW-50L  rotor 
(Beckman Instruments,  Inc.,  Spinco Div.,  Palo  Alto, 
Calif.)  at 204,000  g~, for 2  hr at 2°C. Trichloroaeetic 
acid was added to the supernatant fluids, and the ensu- 
ing  precipitates provided samples of soluble proteins. 
The precipitates obtained with triehloroaeetic acid were 
collected by centrifugation at 1000 g for 3 rain, washed 
with 2-3 ml of water, and stored at --15°C until used. 
The  204,000  g  particulate  fractions,  containing  total 
membrane protein,  were  also  stored  at  --15°C 
Polyacrylamide gel electrophoresis in the presence 
of sodmm dodecyl sulfate, densitometry, and the de- 
termination of radioacuvity in the gels were carried 
out as described previously (3,  5). 
Interpretation of the Electrophoretie  Patterns 
OENERAL:  Fig.  2  illustrates patterns  of protein 
stain  and  of  radioactivity  obtained  after  electro- 
phoresis of total protein from ceils greening 7 hr in 
light.  Arginine3It was present during the last hour 
of exposure to light. The pattern of radioactivity was, 
in  general,  similar  to  the  pattern  of protein  stain, 
and,  although  complex,  the  patterns were  enurely 
reproducible from experiment to experiment for the 
same type of sample. The presence of the total protein 
on the gel facilitated the interpretation of the results. 
In these experiments it was possible to judge whether 
any polypeptide, if sufficiently resolved in the pattern 
of radioactivity, was synthesized by determining the 
relative amount of label in this polypeptide. Synthesis 
of the bulk of the polypeptides, therefore, served as a 
type of internal control. In addition, the amount of 
arginlne-~H incorporated into the subunits of ribu- 
lose-l,5-diphosphate carboxylase  provided  a  con- 
venient indicator of the activity of protein synthesis in 
the chloroplast (5). The most prominent peak in both 
patterns in Fig. 2 (at 5.2 cm from the origin, indicated 
by L) corresponds to the large subunits of this enzyme 
(5),  while the small subunits are represented by the 
peak  at  12.9 cm  (indicated by  S) 
REFERENCE  TO  POLYPEPTIDE  g:  In  Fig.  2  a 
significant peak  of radioactivity is  present at  9.2  cm 
from the origin in the position, indicated by the vertical 
dotted line, where only a relatively small peak is present 
m  the pattern of protein stare. The fraction represented 
by  this  peak  contains  the polypeptide c  of thylakoid 
membranes, as  deterrmned pre~iously  (5).  This  peak 
of radioactivity was markedly reduced in size, relative 
to the general pattern, when synthesis of this polypep- 
tide was  inhibited.  For  clarity  of the interpretations, 
the results in this paper are presented as comparisons 
of the patterns for protein from experimental cells with 
those from control cells.  Since the experiments were 
concerned primarily with control of the synthesis of 
polypeptide c,  on  subsequent figures  showing elec- 
trophoretic patterns attention should be focused on 
the  peak  in  the  pattern  indicated  by  the  vertical 
dotted line marked c. 
Materials 
L-.~rginlne-aH  (26.4  Ci/mmole)  was  purchased 
from  New  England  Nuclear  Corp.,  Boston,  Mass. 
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~GURE ~  A comparison of the pattern of protein stain 
with the pattern of radioactivity after electrophoresis 
of  total protein of  C. reinhardi. Etiolated  cells were 
suspended in fresh medium to 4  X  106 cells/ml and 
exposed to light. Mter 5 hr of light exposure, arginine- 
~tl was added to the culture medium to 1 #Ci/ml. 1 hr 
later, cells were collected and total cellular protein was 
subjected to eleetrophoresis at $ v/era for ¢0 rain and 
6 v/cm for 6.5 hr. The vertical dotted line indicates the 
position in the patterns of polypeptide e. 
Hemin (equine, two times crystallized) was purchased 
from Schwarz/Mann,  Ormageburg,  N. Y.  A  10  mM 
solution of heroin was prepared by adding- NH4OH 
(final concentration about 40 m~) to a  suspension of 
heroin  in  -water,  excess  NH3  was  removed  under 
vacuum (water aspirator), and the pH of the solution 
was  adjusted  to  7.5-8  with  NaHePO4.  Chloram- 
phenicol  was  provided  by  Parke,  Davis  &  Co., 
Detroit, Mich. The disodium salt of malonic acid was 
obtained from Eastman Organic Chemicals, Roches- 
ter, N. Y.  Maleic acid was obtained from Matheson 
Coleman  &  Bell,  East  Rutherford,  N.J.,  solutions 
were  neutralized  with  NaOH.  Reagents  for  elec- 
trophoresis and determination of radioactivity  were 
described previously (3, 5). 
RESULTS 
Effects of Light 
Synthesis of the major polypepfides of thylakoid 
membranes was inhibited when cells of C. reinhardi 
y-1  were  transferred  from  light  to  dark,  but  re- 
sumed at normal rates upon subsequent exposure 
to light (5,  l I).  These polypeptides  were not de- 
tected  in  dark-grown,  etiolated  cells,  but  were 
present  in  fully green  cells  (5).  Initially,  experi- 
ments  were  run  to  test  two  mechanisms  which 
might account for these observations. It was postu- 
lated  that  (a)  the  inhibition  of  the  synthesis  of 
polypeptide c was the result, directly or indirectly, 
of  insufficient  products  of photosynthesis  in  the 
dark,  or  that  (b)  there  was  a  direct requirement 
for light in the synthesis of polypeptide ¢. 
As  described  in  Methods,  illumination  of  the 
cells with light above 675 m/~ provided a  situation 
which resembled the dark in that chlorophyll was 
not produced,  but yet light for photosynthesis was 
still  available.  Therefore,  to  test  the  first  of the 
above possibilities, an experiment was done to see 
if synthesis  of polypeptide  c  occurred  in  cells  il- 
luminated with light above 675 m#  Etiolated cells 
were  exposed  to  light from  incandescent  lamps, 
and light filters were positioned in the light beams 
after 5  hr of greening. Arginine-~tt was added  to 
the  culture  medium  30  min  later,  and  the  cells 
were allowed to incorporate the labeled amino acid 
for 1 hr. Cells were then broken, and portions of the 
broken-cell samples were centrifuged to obtain sol- 
uble and particulate fractions. Proteins in the total, 
soluble, and particulate fractions were subjected to 
electrophoresis. 
Fig.  3 A  shows  the  scan  of a  gel  stained  with 
Coomassie blue containing total protein of control 
cells.  The  vertical dotted  lines indicate  the posi- 
tions in the patterns of polypeptide c as well as the 
other major thylakoid membrane po]ypeptide,  b. 
The fraction marked c contains a  mixture of poly- 
pepfides (5), and in these experiments the amount 
of polypeptide ¢ that accumulated during the 5-7 
hr  of greening  was  not  sufficient to  cause  a  de- 
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~ou~E 8  Patterns of protein stain and radioactMty 
after electrophoresis  of polypeptides of C. reinhardi. The 
experiment was as described under Fig. 1.80 rain after 
the light filters were in place, arginine-SI:[ was added to 
the cultures  to  1 #Ci/ml.  1 hr  later,  the  cells  were 
washed,  broken,  aM  eesatrifuged  as  described  in 
31Iethods.  Polypeptides  in  the  total,  soluble,  and 
particulate fractions were subjected to eleetrophoresis 
at ~ v/cm for ~0 rain and 6 v/em for 6.5 hr. After stain- 
ing, a  gel containing total protein was scanned (8) to 
provide the trace shown in Fig. 5 A. Other gels were cut 
tectable increase in protein stain. However, during 
greening sufficient arginine-SH was  incorporated 
into polypeptide c to produce a significant increase 
in  this peak  in  the pattern  of radioactivity.  Fig. 
3 B  shows patterns of radioactivity obtained with 
gels  containing total  cellular protein  A  peak  of 
radioactivity  corresponding  to  polypeptide  c  is 
present in the pattern of protein from celIs illumi- 
nated with light above  590  m#,  but this peak  is 
markedly reduced in the pattern for cells illuml- 
hated above 675 rag. The amounts of IabeIed c in 
the particulate fractions (Fig. 3 D) were similar to 
that found previously when cells were transferred 
to the dark (5). No polypeptide c was detected in 
the soluble fraction (Fig  3 C).  Thus, filtering out 
light below 675 rn~ had the same inhibitory effect 
on the synthesis ofv as did placing ceils in the dark. 
Yet, in ceils iiIuminated with light above 675 m#, 
the rate of protein symthesis, and presumably also 
of photosynthesis,  in the chloroplast was  not im- 
paired,  as shown by the normal level of labellng 
of the  subunits of ribulose-t ,5-diphosphate  car- 
boxylase at 5.6 cm  (peak marked L)  and at  13.3 
cm (_peak marked S).  Therefore, the inhibition of 
synthesis  of  c,  in  cells  not  making  chlorophyll 
during the period of labeling, was not the result of 
lowering the  level of hlgh-energy compounds  or 
the rate of synthesis of proteins within the chloro- 
plast. 
The patterns of radioactivity for the particulate 
fractions (Fig. 3 D) illustrate an observation made 
during the com~e of these experiments. The promi- 
nent  peak  of radioactivity  at  5.6  cm  is  at  the 
position  expected  for  the  large  subunits  of  the 
carboxylase.  However,  a  commensurate peak  at 
13 3  cm,  representing  the  small subunlts  of this 
enzyme,  was  not present in  the  patterns for  the 
particulate  fractions.  Both  subunits should  have 
been present in these fractions if any of the enzyme, 
into l-ram sections, each of which was digested over- 
night st 55°C with 0.1 ml 80% H2Os. After cooling, 
10 ml of a solution containing tolnene~ Triton X-100, 
and Omnifluor (8) were added to each,  and ~he radio- 
activity was determined. Figs. ~ B~ 8 C, and 8 D  are 
portions of the radioactivity pattei~s for polypeptides 
in the total, soluble, and particulate samples, respec- 
tively.  ©--©,  control  cells  illuminated with  light 
above 590 m/~;  0----@, cells illuminated above 675 
m/~. The vertical dotted lines indicate the positions in 
patterns of the two major polypepfides of thylakoid 
membranes, b and e. The validity of the alignment of 
the patterns was determined previously (5). 
Hoo:~nR A~CD ST~aE~A~¢  Control of Synthesis of a Thylakold Membrane Polypeptlde  5 which has a molecular weight of near 560,000  (23, 
24),  had  sedimented  during  preparation  of  the 
particulate  fractions.  The  results  of these  experi- 
ments  suggest  that  large  subunits  alone  were 
sedimenting,  possibly  in  association  with  the 
membranes. 
Effects of Chloramphenicol 
Since polypeptide c is synthesized on cytoplasmic 
ribosomes (3, 5), chloramphenicol does not inhibit 
its  synthesis.  It  has  been  shown  previously that, 
although chloramphenicol caused an inhibition in 
the synthesis of chlorophyll, cells treated with this 
drug synthesized polypeptide c to the same extent 
as  untreated  cells  (5).  Therefore,  an  experiment 
was  run  to  see  if chloramphenicol  would  allow 
synthesis of v under conditions in which chlorophyll 
synthesis was inhibited by filtering out light below 
675  m/~.  The  design  of this  experiment  was  the 
same  as  for  the  one  shown  in  Fig.  3.  Chloram- 
phenicol was added to the medium at the time the 
cells  were  exposed  to  light.  After  4.5  hr,  chlor- 
amphenlcol-treated  cells  were  illuminated  with 
light  above  675  m/~  while  control  cells received 
light above 590 m/~. At 5  hr,  i.e. 30 rain after the 
filters were in place, arginine-aH was added to the 
cultures.  The  cells  were  collected  1  hr  later, 
broken,  and  centrifuged  to  obtain  soluble  and 
particulate  fractions.  The  proteins  in  the  total, 
soluble,  and  particulate  fractions  were  subjected 
to  electrophoresis.  In  Fig.  4A,  the  radioactivity 
patterns  for total cellular protein show that  cells, 
treated  with  chloramphenicol  and  illuminated 
with  light  above  675  mg  during  the  period  of 
labeling, synthesized at least as much polypeptide ¢ 
as did the control ceils illuminated with light above 
590 m/z.  Portions of the radioactivity patterns  for 
soluble protein are shown, in Fig. 4 B. Most of the 
polypeptide v was found in the soluble fraction of 
the  cell,  and  the  distribution  of c  between  the 
soluble  and  the particulate  fractions  (not shown) 
was  similar to  that  described  previously for ceils 
treated  with  chloramphenicol  while  illuminated 
with white light (5). 
In another experiment, cells were treated  with 
chloramphenicol in white light for 5  hr and then 
were transferred  to the dark.  After 30 min,  argi- 
nine-all  was  added  to  the  cultures  and  the  cells 
were labeled  while in  the dark.  Samples  of total 
protein were subjected to electrophoresis. As found 
previously (5), the rate of synthesis of polypeptide v 
markedly decreased  in  control cells after transfer 
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Fmtm~ 4  Effects of ehlorampherfieol  (200/zg/ml) on 
the synthesis of polypeptide e.  Cells grown 4 days in 
the dark were suspended in fresh medium to 4  X  106 
eells/ml. Each 60-mi portion of the suspension (in 500- 
ml flasks)  received 6.6 ml of either chloramphenicol (2 
mg/ml) or water at the time the cells were exposed to 
light from incandescent,  lamps. After 4.5  hr, the light 
filters were inserted  in the  light beams.  Arginine-aH 
was added 80 rain hter to the cultures to 1 gCi/ml. 
After 1 hr of hbeling, the cells were washed, broken, 
and centrifuged as described in Methods. Polypeptides 
were subjected to eleetrophoresis and the radioactivity 
in  sections  of  the  gels  was  determined  as  described 
under  Fig. 3.  Figs. 4  A and 4  B  are portions  of the 
patterns for polypeptides in total and soluble samples, 
respectively.  O--O,  control  cells  illuminated  with 
light above 590  m/z,  no  ehloramphenicol;  •  O, 
cells  illuminated  with  light  above  675  mg  in  the 
presence of chloramphenicol. The vertical dotted line 
indicates the position in the patterns of polypeptide c. 
to the dark, but chloramphenicol-treated cells con- 
tinued  to synthesize c,  and  the pattern  of radio- 
activity for the treated cells was the same as that 
shown  for  the  chloramphenicol-treated  cells  in 
Fig.  4.  Therefore,  these  experiments  with  chlor- 
amphenicol show that light is not required directly 
for the synthesis of polypeptide c  Thus, both initial 
postulates indicated above were eliminated. 
The  difference  between  the  results  shown  in 
6  T~  JOUR~AL OF CELL BIOLOGY • VOL~  56, 1973 Figs.  3 and 4 suggested that protein synthesis in the 
chloroplast  in  some  way  affects  synthesis  of  a 
polypeptide in the cytoplasm.  If protein synthesis 
m  the  chloroplast  is  responsible  for  making  an 
inhibitor of the synthesis of polypeptide c, etiolated 
cells  treated  with  chloramphenicol  should  begin 
synthesis ofc without any exposure to light. To test 
this  prediction,  etiolated  cells  were  treated  with 
chloramphenicol  and  labeled with arginine-~H in 
the dark  Total celluIar protein was then subjected 
to electrophoresis  Fig  5 shows that a polypeptide, 
which  after  electrophoresis  was  in  the  position 
expected for  potypeptide  c,  was  synthesized  to  a 
much  greater  extent  in  chloramphenicol-treated 
cells than  in control ceIts. Thus,  chloramphenicol 
allowed the cells to resume synthesis  of this poly- 
peptide  without  the  involvement  of light.  Since 
previous work (5,  11)  has indicated that polypep- 
tide c is not synthesized normalIy by y-I cells in the 
dark,  the  level of radioactivity found  for  control 
cells in the position of c may provide a  baseline for 
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Fmum~  5  Effect  on  the  synthesis  of  polypeptide  c 
of incubating etiolated cells with chloramphenicol (~00 
/~g/ml) in continuous darkness.  Cells grown 4 days in 
the dark were suspended to 4  X  l0  s cells/ml in fresh 
medium  and  incubated  in  the  dark  with  or  without 
chloramphenleol. After 6 hr, arginlne-SH was added to 
control cultures to ~/~C1/ml and to treated cultures to 
1  /~Cl/ml~ and the  cells were labeled for  1 hr.  Total 
protein samples were subjected to electrophoresls and 
the radioactivity in sections of the gel was determmed 
as  described  uuder  Fig  3  ©--O,  control  cells; 
$  0, cells treated with ehloramphenieol. 
determining the extent of synthesis of polypeptide 
c. The patterns  of protein stain for these ceils were 
the  same  as  the  pattern  for  etiolated  ceils found 
previously (5). 
Inhibitors of Chlorophyll Synthesis 
Protein synthesis in the chloroplast could be in- 
volved in the regulation of synthesis of polypeptide 
c if a  protein,  synthesized in the chloroplast,  con- 
trols the synthesis of the mRNA for c. The decline 
in  the synthesis  of c in  control cells when  the  re- 
quired  wavelengths  of light  for  chlorophyll  syn- 
thesis are not provided would then be the result of 
an  inhibition  of further  synthesis  of this  mRNA 
and degradation of the existing mRNA for c. How- 
ever,  this  mechanism  implies  that  the  activity of 
this  regulatory  protein  is  controlled  by  other 
factors. Figs.  1 and  3 show that light between 590 
and  675  m#  affects  synthesis  of both  chlorophyll 
and  polypeptide e.  Since light in  this wavelength 
range  functions  to convert protochlorophyllide  to 
chlorophyllide (I 7,  18),  the activi  W of the regula- 
tory protein is possibly coupled to the synthesis of 
chlorophyll,  with  protochlorophyllide,  or  an  im- 
mediate  precursor,  acting  as  a  "corepressor,"  or 
with chlorophylI(ide)  acting as an "inducer." 
In attempts  to test these possibilities, cells were 
treated  with  inhibitors  of  chlorophyll  synthesis. 
Heroin,  which inhibits 8-aminolevulinic acid syn- 
thetase  (25-27),  the  first step  in  chlorophyll syn- 
thesis (28), was an effective inhibitor of chlorophyll 
synthesis  in  C.  re~nhardi Fig.  6  shows  a  greening 
experiment  in  which  hemin  was  added  to  the 
culture medium after 5.5 hr of light exposure. Since 
heroin strongly absorbs  light below 640  mp,  both 
control and  heroin-treated  ceils were illuminated, 
after  hemin  was  added,  through  filters  opaque 
below  610  m/z in  an  attempt  to  nearly  equalize 
light impinging on the cells. The rate of greening in 
control  cells  was  not  affected  by  the  filter.  The 
addition  of heroin,  however,  inhibited the rate  of 
synthesis  of  chlorophyll  to  about  15%  of  that 
found in control cells. 
An experiment identical with that shown in Fig. 
6  was run  to test  the effect of heroin on the syn- 
thesis of polypeptide c. Arginine-3H was added  30 
min  after  the  addition  of  heroin,  and  the  ceils 
were aliowed to incorporate the labeled amino acid 
for  I  hr  Ceils were then  broken,  and  samples  of 
total,  soluble,  and  particulate  fractions  were pre- 
pared.  Fig.  7  shows  the  patterns  of radioactivity 
for  these  samples  after  electrophoresls.  The  pat- 
HOOBER ANn S~EG~N  Contre~  of Synthesis of a Thy~akoid Membrane Polypeptide  7 terns for the total protein samples (Fig.  7 A) show 
that polypeptide 6" was synthesized in the heroin- 
treated  cells at  least to  the extent that it  was  in 
control  cells.  This  polypeptide  was  distributed 
between the soluble and particulate fractions (Figs. 
7 B  and 7 C).  Since membrane formation requires 
chlorophyll  (10,  16,  29),  in the experiments with 
heroin membrane formation was likely depressed, 
and the appearance of ¢ in the soluble fraction of 
the cells  was  expected  (Fig.  7 B).  But the reason 
for the high level of ¢ in the particulate fraction is 
not known. Although hemin absorbed some of the 
light incident on the culture, and possibly lowered 
the rate  of chlorophyll synthesis  as  a  result,  the 
effects  of hemin cannot  be ascribed solely to  this 
effect.  If heroin  affected  cells  only  by  absorbing 
light, the results of this experiment with respect to 
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FIGuRr~ 6  Effect of heroin (0.5 m~) on the increase of 
chlorophyll during greening of etiolated C. rclnhardL 
Cells grown 3 days in the dark were suspended to 4  X 
106 cells/ml in fl~sh medium and exposed to light from 
incandescent lamps. Hemin was added to one culture 
at 3.5 hr, and an equal vohune of water was added to 
the  control  cultm-e.  Filters  transmitting light above 
610  m/~ were  placed in the  light beams at the time 
hemin was added. Chlorophyll was estimated spectro- 
photometrically in portions of the cultures as described 
in Methods. 
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FZO~JRE 7  Effect of heroin (0.5 ml~)  on the synthesis 
of  polypeptide  e.  The  experiment  was  as  described 
under Fig. 6.30 rain after adding heroin to the cultures, 
arginine3It was added to 1 #Ci/ml, and the cells were 
labeled for 1 hr. Polypeptides in the total, soluble, and 
particulate samples were  subjected to  eleetrophoresis 
and  the  radioactivity  was  determined  as  described 
under Fig.  3.  0--0,  control cells;  •  •,  hemin- 
treated cells. 
the  synthesis  of polypcpfide  ¢  should  have  been 
similar to that shown in Fig.  3. 
Among  a  series  of  other  compounds  I  tested, 
maleic  and  malonic  acids  at  concentrations  of 
80-100 m~ were found to cause an 80-85% inhibi- 
1 Other compounds tested as inhibitors of chlorophyll 
synthesis were either toxic to the cells at levels which 
caused  a  reduction  in  the  synthesis  of chlorophyll 
(aminotriazole  [30, 31], ethionine [32],  and hydrox- 
ylamine [331) or had no or little effect on chlorophyll 
synthesis  (nitrofurfuraldehyde  [34],  nltrofurazone 
[34], threonine [32] and levulinic acid [35]). 
8  THe.  Joua~AL OF C~LL BIOLOOY • VOLU~E  ~6,  1978 tion in the synthesis of chlorophyll in C.  reinhardi 
when added at the time the cells were exposed to 
light.  Although maleate  is  an  inhibitor of many 
reactions  (see  36),  the  growth  of  at  Ieast  some 
plants does not seem to be sensitive to maleate (37, 
38).  In preliminary experiments, maleate did not 
significantly  inhibit  protein synthesis in C. reinhaldi. 
Fig.  8  shows the pattern of radioactivity for total 
cellular protein  obtained  after  labeling maleate- 
treated  cells  with  arginine-~H.  The  pattern  was 
similar to  that  obtained for  control cells,  with  a 
significant  peak  of  radioactivity  present  in  the 
position of polypeptide c, indicated by the vertical 
dotted line. Therefore,  although chlorophyll syn- 
thesis  was  strongly inhibited in these  cells,  poly- 
peptide  ¢  was  synthesized  at  a  significant  rate 
relative  to  the  synthesis  of other  proteins  in  the 
cells. Results with malonate, which probably in- 
hibited  porphyrin  synthesis  indirectly  (see  39), 
were  the  same  as  those  with  maleate  for  the 
synthesis of polypeptide c (data not shown). 
DISCUSSION 
The experiments described in this paper were de- 
signed  to  study  the  control  of  the  synthesis  of 
polypeptide  c,  one  of the  major  polypeptides  of 
thylakoid membranes in C.  reinhardi y-1.  Evidence 
has been presented  (3,  5)  that this polypeptide is 
synthesized  on  cytoplasmic  ribosomes,  but  the 
present experiments show  that  events within the 
chloroplast are  involved in the  regulation  of the 
synthesis of this polypeptide. Table I  summarizes 
the results of the experiments described  here  and 
in  a  previous  paper  (5)  Three  possible  mecha- 
nisms for control of the synthesis of polypeptide c 
were  considered  in light  of the  results  shown  in 
Table I. First, a  general metabolic process in the 
chloroplast  might  be  required  for  synthesis  of 
polypeptide  c  in  the  cytoplasm.  This  possibility 
was  considered  because,  when  ceils  were  trans- 
ferred from light to dark, the synthesis of polypep- 
tide c was inhibited (Table I, line 2). At the same 
time  the  rate  of protein  synthesis in  the  chloro- 
plast,  as indicated by synthesis of the subunits of 
ribulose-l,5-diphosphate  carboxylase,  decreased, 
presumably the result of a lack of photosynthesis in 
the  dark.  However,  a  metabolic  control  of  this 
type was ruled out by the resuhs shown in Table I, 
lines 3 and 6. During prolonged darkness (Table I, 
line  3),  protein  synthesis  in  the  chloroplast  re- 
covered,  as  indicated  by  the  synthesis  of  the 
carboxylase,  but  synthesis  of  polypeptide  e  re- 
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FmuR~ 8  Effect of maleate (0.1 ~)  on  the synthesis 
of polypeptlde c. Cells grown 4 days in the dark were 
suspended to  4  X  106  cells/ml in fresh medium and 
exposed  to  8000  lux  from  white  fluorescenL  lamps. 
Maleate was added at the time the cells were exposed 
to light. At 5.5 hr, arginine-StI  was added to the cultures 
to 1/~Ci/m], and the cells were labeled for 1 hr. Total 
protein samples were  subjected to electnphoresis and 
the  radioactivity was  determined as  described  under 
:Fig. 3. The vertical dotted line indicates the position in 
the patterns of protein stain and radioactivity of poly- 
peptidee.  ~ ~  ~  '~  i  ,  i  !  ~  ,  ~ ~ 
mained  inhibited.  Also,  when  the  illumination 
was changed during greening from white light to 
light above  675  m#  (Table  I,  line 6),  photosyn- 
thesis  was  allowed  to  continue,  but  synthesis  of 
polypeptide c was again inhibited. In the plesence 
of light above 675 In#, general metabolism in the 
chloroplast  should  not  have  been  drastically- al- 
tered.  Furthermore,  ehloramphenicol strongly in- 
hibited protein synthesis in the chloroplast without 
affecting the  synthesis of polypeptide c  (Table  I, 
HOOBER AND STEGEMAIg  Control  of Synthesis  of a  Thyla~oid Membrane Polypeptide  9 TABLE  I 
Summary of Results 
Ribulose 
1,5-dlphos- 
Polypep-  phate car- 
Before labehug  During labeling  Chlorophyll  fide ~  box¥Iase*  Reference 
Group I : Effects of light 
1.  Light  Light  +  +  +  Ref. 5, Fig. 6. 
2.  Light  Dark  --  --  --  1Lef. 5, Figs. 9, 10 
3.  Dark  Dark  --  --  +  Fig. 5 
4.  Light  Light >  590 in#  +  +  +  Fig. 3 
5.  Light  Light >  610 In#  +  +  +  Fig. 7 
6.  Light  Light >  675 in#  --  --  +  Fig. 3 
Group II: Effects of chloramphenicol  (CAP) 
7.  Light +  CAP  Light +  CAP  --  +  --  tLef. 5, Fig. 6 
8.  Light +  CAP  Dark  +  CAP  --  +  --  Text 
9.  Dark  +  CAP  Dark +  CAP  --  +  --  Fig. 5 
10.  Light +  CAP  Light >  675 m/~ +  CAP  --  +  --  Fig. 4 
Group III : Inhibitors of chlorophyll synthesis 
11.  Light  Light >  610 m/z +  he-  --  +  +  Figs. 6, 7 
rain 
12.  Light +  maleate  Light +  maleate  --  +  +  Fig. 8 
13.  Light +  malonate  Light +  malonatc  --  +  +  Text 
* Synthesis of ribldose-1,5-diphosphate carboxylase was used  as  an indicator of the activity of chloro- 
plast protein synthesis. 
In each experiment etiolated cells were exposed to the conditions indicated under "Before labeling" for 
4-5 hr. The cells were then transferred to the conditions indicated under "During labeling." Arginine- 
8It was added 30 rain after the transfer. Synthesis of the components is indicated by a  (+), and inhibition 
of synthesis is indicated by a  (--). 
lines  7-10).  Therefore,  synthesis of polypeptide c 
does not appear to be linked to general metabolism 
in the chloroplast. 
The results of experiments with light (Table I, 
lines  1-6)  indicated  that a  specific rather than a 
general  mechanism  operates  to  control  the  syn- 
thesis  of polypeptide  c.  Moreover,  the  effects  of 
light  implicated  the  involvement  of  chlorophyll 
synthesis in  this  control  mechanism.  In  each in- 
stance when light required for conversion ofproto- 
chlorophyllide to chlorophyllide was not provided 
(Table I, lines 2, 3, and 6), synthesis of polypeptide 
c was inhibited. Thus, a second possibility that was 
considered was the inhibition of translation of the 
mRNA  for polypeptide c.  This possibility merited 
consideration, since inhibition of the synthesis of c 
was selective, and synthesis of other proteins in the 
cytoplasm was not similarly affected by the various 
treatments.  In  the  absence of light necessary for 
chlorophyll synthesis, precursors might accumulate 
which selectively affect translation of this mRNA. 
However,  this possibility also seems unlikely, since 
in the presence of chloramphenicol polypeptide c 
was  synthesized  regardless  of  whether  light  for 
chlorophyll synthesis was available (Table I, lines 
7-10).  Although  chloramphenicol  caused  an  in- 
hibition of the synthesis of chlorophyll (4,  5),  this 
inhibition was not complete and, in the absence of 
light below 675 m#  (Table I,  line  10), precursors 
still should have accumulated,  although perhaps 
more  slowly,  to  an  extent sufficient to  cause  in- 
hibition of translation. Also, the chloroplast enve- 
lope is apparently not permeable to precursors of 
chlorophyll beyond 8-aminolevulinic acid (14, 40), 
and  these  precursors  therefore  should  not  be 
present in the cytoplasm of the cells. This does not 
preclude  the  possibility  that  other  metabolites 
could act as translational inhibitors, and chloram- 
phenicol inhibits synthesis of the enzymes involved 
in the production of the metabolites. 
Cb_1oramphenicol,  by  inhibiting  protein  syn- 
thesis in the chloroplast,  seemed  to uncouple  the 
I0  WfiE JOIIB~AL OF CELL BIoLoGY • VOLUME 56, 1973 synthesis of polypeptide a  from  the  synthesis  of 
chlorophyll. The results suggested that chloram- 
phenicol inhibited the synthesis of a protein which 
normally acts  as  an inhibitor of the  synthesis of 
polypeptide a when chlorophylI cannot be made. 
This protein, therefore, might have the properties 
of a regulatory protein. Since, in bacterial systems, 
regulatory proteins are known to  operate  at the 
transcriptional level  in  the  synthesis  of specific 
proteins  (41-43),  synthesis of polypepfide ¢ also 
may be regulated at this level. 
Therefore,  a  third possible control mechanism 
that  was  considered  involved regulation  of  the 
synthesis of the mRNA for polypeptide c.  Eytan 
and Ohad (11) have suggested that the synthesis of 
the  L  protein fraction,  which probably includes 
polypeptide ~,  is controlled at the transcrlptional 
level by the conversion of protochlorophyllide to 
chlorophyll. The results described in this paper are 
consonant with this proposal and suggest a mecha- 
nism by which the control is exerted  A  protein 
synthesized in  the  chloroplast  apparently is  re- 
quired for inhibition  of the synthesis of polypeptide 
c.  However,  normally the  inhibition is  observed 
only when photoconversion of protochlorophylllde 
to chlorophyllide is prevented. Therefore,  inhibi- 
tion of the synthesis of polypeptide a can be re- 
lieved by light, which converts protochlorophyllide 
to chlorophyllide, or by treatment of the ceils with 
chloramphenicol, which inhibits synthesis of the 
inhibitor protein. These results are consistent with 
the  hypothesis  that  a  regulatory protein,  which 
inhibits synthesis of the mRNA for polypeptide a, 
is synthesized on chloroplast ribosomes and that 
the activity of this regulatory protein is controlled 
by the conversion of protochlorophyllide to chloro- 
phyll. This protein is apparently active as an in- 
hibitor when chlorophyll cannot be made, and is 
inactive when cells are making chlorophyll. Thus, 
either chlorophyll acts  as an inducer of the syn- 
thesis of polypeptide c, or conversely, a precursor of 
chlorophyll acts as a type of corepressor  The data 
indicate that chlorophyll is not an inducer, since 
treating ceils  with hemin, maleate,  or  malonate 
(Table  I,  lines  11-I3)  caused  an  inhibition of 
chlorophyll synthesis but not of synthesis of poly- 
peptide a.  In fact,  cells  treated  with these  com- 
pounds generally showed enhanced synthesis of a. 
However, eliminating  light below 675 m# blocked 
mechanism regulating the synthesis of polypeptide 
synthesis of chlorophyll at one of the last steps, and 
also caused an inhibition of the synthesis of poly- 
peptide ¢ (Table I, line 6). Under these conditions 
precursors of chlorophyll could accumulate, and, 
since protochlorophyllide is the end product of this 
biosynthetic pathway in the dark  (14,  28),  these 
results are consistent with the suggestion that this 
porphyrin acts  by means analogous to  that  of a 
corepressor.  Protochlorophyllide is present in eti- 
olated C. reinhardiy-t (44, 45), and Matsuda et al. 
(45)  estimate that 3-6  X  106 molecules of proto- 
chlorophyltide are present per cell during growth 
in the dark. 
Since chloramphenicol inhibits chloroplast ribo- 
somes  (6-8),  and since the pathway for the syn- 
thesis  of chlorophyll, including the conversion of 
protochlorophyllide to chlorophyllide, appears to 
be  entirely within the  chloroplast  (12,  13), the 
data in this paper imply that transcription of the 
mRNA for polypeptide e occurs in the chloroplast. 
However, we have no direct evidence to rule out 
the possibility that the mRNA for polypeptide c is 
transcribed on nuclear DNA  ~. 
Evidence  obtained from  experiments utilizing 
chloramphenicol must  be  interpreted with  care, 
since this drug at high concentrations may affect 
plant cells by means in addition to its effects  on 
chloroplast protein synthesis (48,  49).  In the ex- 
periments  described  in  this  paper,  whether  a 
particular polypeptide was  synthesized in chlor- 
amphenicol-treated  cells  was  determined  with 
reference to an external control (the incorporation 
of arginine-3H into polypeptides of untreated cells) 
as  well  as  an  internal control  (incorporation of 
arginine-~H into other  polypeptides of the  same 
cells).  The effectiveness  of the drug in inhibiting 
chloroplast protein synthesis was indicated by the 
inhibition  of  the  synthesis  of  the  subunits  of 
ribulose-I,  5-diphosphate carboxylase. Thus, these 
controls served to eliminate possible ambiguities in 
the  conclusions  arrived  at  with  respect  to  the 
synthesis of polypeptide c. 
It  should  be  noted  that  the  evidence  for  a 
c was obtained from experiments done with cells of 
the y-I strain of C. reznhard~. Whether this mecha- 
nism operates in cells  of the wild-type strain has 
2 Rifampmin (250/zg/ml) did not inhibit synthesis of 
polypeptide a in our experiments.  Although Surzycki 
(46)  has  presented  evidence  that this  antibiotic in- 
hibits transcription of chloroplast  ribosomal RNA, 
Bottomley et al.  (47) found that rifampicin did not 
inhibit RNA synthesis in isolated  chloroplasts  from 
several  higher  plants.  Our results  with  rlfampicin, 
therefore, remain inconclusive. 
ttoo~a  Am) STE~E~  Control  of Synthesis o] a Thylakoid Membrune Polypeptide  II not been determined. In contrast to ceils of the y-1 
strain,  wild-type  cells are  capable of synthesizing 
chlorophyll  and  of  producing  thylakoid  mem- 
branes in the dark  (9).  Therefore,  if a  regulatory 
protein which controls the production of polypep- 
tide c  is present in wild-type  cells,  it should exist 
largely in an inactive form even in the dark. As in 
y-1  cells,  such  a  protein  might function,  with its 
activity  regulated  by  the  level  of  precursors  of 
chlorophyll, to coordinate the production of mem- 
brane polypeptides with tile production of chloro- 
phyll. 
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